Dissecting the mechanism of action of surface-tethered antimicrobial and immunomodulatory peptides is critical to the design of optimized anti-infection coatings on biomedical devices. To address this, we compared the biomembrane interactions of host defense peptide IDR-1010cys (1) in free form, (2) as a soluble polymer conjugate, and (3) with one end tethered to a solid support with model bacterial and mammalian lipid membranes. Our results show that IDR-1010cys in all three distinct forms interacted with bacterial and mammalian lipid vesicles, but the extent of the interactions as monitored by the induction of secondary structure varied. The enhanced interaction of surface-tethered peptides is well correlated with their very good antimicrobial activities. Our results demonstrate that there may be a difference in the mechanism of action of surfacetethered versus free IDR-1010cys.
INTRODUCTION
The availability of biocompatible anti-infective surfaces with broad-spectrum antimicrobial activity would significantly decrease the infection rates associated with biomedical devices and implants. Two to six percent of inserted implants (cardiovascular, orthopedic, neurosurgical, plastic surgical, and urologic) are associated with infection (Costerton et al., 1999; Darouiche, 2001 Darouiche, , 2004 Foxman, 2002; Trampuz and Widmer, 2006; Zimmerli et al., 2004) . Although this may not seem problematic, the associated average cost of combined medical and surgical treatments is several thousand dollars per patient in these cases and represents a significant economic burden on the health care system (Foxman, 2002; Trampuz and Widmer, 2006; Zimmerli et al., 2004) . Several approaches have been reported for the development of infection-resistant surfaces using both covalent and noncovalent methods for attaching antimicrobial agents onto the surface (Blin et al., 2011; Gao et al., 2011a; Glinel et al., 2009; Hetrick and Schoenfisch, 2006; Matl et al., 2008; Noimark et al., 2009; Ramstedt et al., 2009; Sambhy et al., 2006; Shukla et al., 2010; Gollwitzer et al., 2003; Palermo et al., 2011) . Some of these methods showed very promising antimicrobial and antibiofilm properties with excellent biocompatibility (Gao et al., 2011a; Glinel et al., 2009; Shukla et al., 2010) .
Host defense peptides (HDPs) are integral components of the immune defenses of nearly every living organism and play a central role in the innate immune system of plants, insects, and higher vertebrates (Bowdish et al., 2005; Mookherjee et al., 2006; Scott et al., 2007) . These short peptides are typically amphipathic and possess an overall net positive charge, arising from the presence of large numbers of lysine and arginine residues. Typically, HDPs are unstructured in solution and adopt a defined conformation in the presence of phospholipids or in a hydrophobic environment (Straus and Hancock, 2006) . This change in conformation upon binding to the membrane is widely viewed as the first step of a peptide's mechanism of action. Folded peptides fall into four broad structural groups: b sheet, a helix, loop, and extended structures. HDPs kill microbes through modulation of the immune system. When HDPs directly kill microbes under physiological conditions, they are then also termed antimicrobial peptides (AMPs) (Gottler and Ramamoorthy, 2009 ).
We have recently demonstrated that surface-tethered AMPs preserve their broad-spectrum antimicrobial activity against bacteria (Gao et al., 2011a (Gao et al., , 2011b . However, there is currently limited knowledge of the detailed mechanism of action of surface-tethered AMPs (Bagheri et al., 2009; Onaizi and Leong, 2011) . For instance, it is unknown whether surface-tethered AMPs adopt defined structures when they interact with membranes. Moreover, it is unclear whether tethered peptides perturb membrane bilayers in a similar manner as their free peptide counterparts.
To address this paucity of mechanistic data, we have investigated the biomembrane interactions of the short-chain antimicrobial and immunomodulatory peptide innate defense regulator (IDR) 1010 in its free form (referred throughout the paper as ''1010cys''), as a soluble polymer conjugate (''polymerC-1010cys''), and in surface-tethered form (''quartz-brush1010cys''), which is achieved through single end attachment of the peptide to a hydrophilic polymer brush ( Figure 1A) . We investigated the conformation of the peptide in these three different forms in the presence of model bacterial and mammalian lipids using circular dichroism (CD). This study provides unique insight into the mechanism of action of surface-immobilized host defense peptides.
RESULTS

Selection of IDR-1010
Peptide IDR-1010 (IRWRIRVWVRRI-NH 2 ) was selected from a library of peptides that includes IDRs 1002, 1018, and HH2 (Wieczorek et al., 2010; Nijnik et al., 2010; Kindrachuk et al., 2009 ). This peptide library was generated by the substituting and scrambling of amino acids, using the bovine peptide bactenecin as a basic template. IDR-1010 demonstrated good antimicrobial activity against Staphylococcus aureus (minimal inhibitory concentration [MIC] = 2.3 mg/ml) and Pseudomonas aeruginosa (MIC = 9 mg/ml). In addition, it demonstrated minimal toxicity toward mammalian cells, demonstrating only 22% lysis of human red blood cells at 375 mg/ml (data not shown). It was also one of the most exceptional immunomodulatory peptides, with an ability to induce 706 pg/ml of chemokine monocyte chemoattractant protein 1 (MCP-1) at a peptide concentration of 20 mg/ml and 5,662 pg/ml of MCP-1 at 100 mg/ml. It also demonstrated a potent ability to suppress endotoxin lipopolysaccharide (LPS)-mediated induction of the pro-inflammatory cytokine TNF-a in human peripheral blood mononuclear cells (PBMCs) by 94%. It also completely protected mice against an invasive S. aureus infection when given intraperitoneally to mice at 8 mg/kg 4 hr prior to initiation of the infection (data not shown). In these regards, its activity was consistent with those of previously described IDR peptides 1002 and 1018. Following the soluble polymer conjugation of IDR-1010cys (see also below), the MIC for P. aeruginosa increased by only 4-fold whereas the immunomodulatory activity was substantially reduced but still evident, with 463 pg/ml of MCP-1 induced at 100 mg/ml (Table S1 available online) .
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Synthesis of Peptide-Conjugated Copolymer Brushes
Three types of primary amine-containing copolymer brushes were synthesized on quartz surfaces, and their characteristics are given in Table 1 . The molecular weight and composition of the grafted chains on the quartz surface were taken as equal to that of soluble polymer chains formed along with the grafted chains, as this is common practice for the characterization of polymer brushes on flat surfaces (Zou et al., 2009; Barbey et al., 2009; Husseman et al., 1999; Iwata et al., 2008; Kizhakkedathu and Brooks, 2003) . This is due to the very small amount of polymer that can be cleaved from the surface for characterization. Figure 1C details the synthetic steps involved in tethering one end of IDR-1010cys to copolymer brushes via a maleimide-thiol addition reaction. The characteristic absorption at l = 280 nm in the UV-vis spectra (Figure 2A ) of peptide-conjugated quartz slides demonstrated the peptide conjugation. The formation of the poly(N,N-dimethylacrylamide-co-(3-aminopropyl)methacrylamide hydrochloride) (poly(DMA-co-APMA)) brush and the immobilization of IDR-1010cys were evident from the characteristic peaks for the polymer and peptide in the attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) spectra ( Figure 2B ). Further evidence for copolymer brush formation and peptide conjugation was obtained from the dry thickness measurements by atomic force microscopy (AFM) obtained after scratching the surface. A considerable increase in the thickness of the copolymer brush was observed after peptide conjugation (Table 1) . Because there were no new grafted polymer chains added to the surface in the peptide conjugation step, the increase in layer thickness was attributed to the increase in molecular weight following peptide coupling ( Figure S1 ). Thus, from the increase in dry thickness of the polymer-grafted layer, the number of peptides/chains and the peptide density (Table 1) on the surface were calculated (see Supplemental Information for details) (Gao et al., 2011a (Gao et al., , 2011b . Figure 1B shows the scheme for the coupling of peptides to soluble poly(DMA-co-APMA) (polymerC-1010cys). The soluble copolymer formed during the surface grafting at the composition ratio DMA:APMA (1:1) was used. The M n of the copolymer was 166, 700 with a polydispersity of 1.18. The experimentally determined composition of the copolymer was close to 1:1 DMA: APMA (for 1 H NMR spectra, see Figure S2 ). The maleimide groups were introduced before the IDR-1010cys conjugation via a Michael-type addition ( Figure 1B) . The presence of characteristic peaks of peptide in the FTIR spectrum of conjugate ( Figure 2C ) confirms its formation. The disappearance of the maleimide peak at 6.77 ppm in the 1 H NMR spectrum of polymerC1010cys also supported this ( Figure S3 ). UV-vis analysis showed that $300 peptides grafted per polymer chain. The IDR1010cys-conjugated copolymer was initially soluble in water, but following refrigerated storage at 4 C for multiple weeks the peptide conjugate was difficult to solubilize in aqueous media.
Synthesis of Soluble Copolymer Conjugated to Peptide IDR-1010cys
Structural Studies of Soluble Systems: IDR-1010cys and Copolymer-Conjugated IDR-1010cys; PolymerC-1010cys Figure 3 shows the solution CD results of IDR-1010cys and polymerC-1010cys in H 2 O, PBS, dodecylphosphocholine (DPC) small unilamellar vesicles (SUVs), and 1:1 dimyristoylphosphatidylcholine:dimyristoylphosphatidylglycerol (DMPC:DMPG) (mol/mol) SUVs. DPC and DMPC/DMPG lipid membranes are used as models for mammalian cell membranes and bacterial cell membranes, respectively. In H 2 O and PBS, both spectra consisted of a minimum at $200 nm, which is characteristic of random coil. In the presence of lipid SUVs, all spectra consist of a maximum at 190 nm and two minima at 207 and 222 nm, which are characteristic of a-helical structure. This demonstrated that IDR-1010cys in the free form was unstructured in an aqueous environment in the absence of lipids but adopted an a-helical conformation in the presence of lipid membranes ( Figures 3A-3C ). In the presence of lipid SUVs, the soluble polymerC-1010cys assumed a more structured conformation compared to that in H 2 O and PBS ( Figures 3D-3F ). This indicated that the conjugation to polymer did not severely interfere with the peptide conformational change. Figure S2 ). c Determined by gel permeation chromatography. d Determined by AFM scratch analysis.; standard deviations are based on thickness measurements at five different locations on the sample. e Calculated by Equation 1. Concentration on the surface (mol/l) was calculated from the dry thickness of the brush after peptide conjugation and the mass of the peptides/cm 2 (see Figure S1 and Supplemental Experimental Procedures).
To examine the secondary structure content of IDR-1010cys and polymerC-1010cys in different environments, all spectra were fitted using three different programs (CDSSTR, CONTINLL, and SELCON3) (Cheng et al., , 2011 Goux, 2002; Sreerama et al., 2000 Sreerama et al., , 2001 . It is important to note that the percentages of secondary structures obtained from these three programs should not be interpreted as absolute values, as the numbers vary somewhat from program to program. An average value is reported in the following and should be used in a qualitative sense.
In H 2 O and PBS, IDR-1010cys in the free form showed a considerable amount of b sheet/strand ($45%) and random coil ($35%) structures. Figure 4A shows the % structural content of IDR-1010cys in the presence of DPC SUVs at different peptide-to-lipid (P:L) ratios. In the presence of DPC SUVs, IDR-1010cys adopted close to 100% a-helical conformation at all P:L ratios examined. Figure 4C shows the % structural content of soluble polymerC-1010cys in the presence of DPC at different P:L ratios. The polymer-coupled IDR-1010cys only retained $20% a-helical structure and $58% b sheet/strand, and the remaining was composed of random coil. The data showed that polymerC-1010cys interacted differently with DPC SUVs compared to IDR-1010cys in the free form. However, a comparison of the secondary structure content of polymerC1010cys in DPC with that obtained in PBS in the absence of lipids showed that there was an increase in helical content. Figure 4B shows the % structural content of IDR-1010cys in the presence of DMPC/DMPG SUVs at different P:L ratios. In the presence of 1:1 DMPC:DMPG (mol/mol) SUVs, IDR-1010cys adopted $98% a-helical conformation at high peptide concentrations and $61% a-helical conformation at low peptide concentrations. PolymerC-1010cys retained similar % a-helical structure as in the DPC SUVs at all P:L molar ratios examined (i.e., $20%). This indicated that the peptide conformational change did not depend significantly on the type of lipid membrane. In addition, the data from polymerC-1010cys suggested that the arrangement of IDR-1010cys on the polymer might limit its access to the lipid membrane surfaces. Consequently, only a subset of peptides could adopt the helical structure that they favored in the free form.
Structural Studies of Surface-Immobilized IDR-1010cys; Quartz-Brush-1010cys To examine the peptide conformation in the tethered state, IDR1010cys-immobilized copolymer brushes on quartz slides were used. Figure 5A shows CD spectra of quartz-brush-1010cys (DMA:APMA composition [1:1]) in the dry state, H 2 O, PBS, and in two lipid SUVs consisting of either DPC or DMPC:DMPG (1:1). The lipid concentrations were varied from 25 to 75 mM in the case of DPC SUVs and 0.25, 0.5, and 0.75 mM for DMPC/ DMPG SUVs.
In the dry state, all spectra consisted of a broad minimum at $207 nm and a maximum at $195 nm, which are characteristic of a mixture of a helix, b sheet/strand, and random coil. Similar spectral characteristics were observed in aqueous environment. This suggested that the peptide secondary structure was formed mainly through interactions of the grafted copolymer chains and the conjugated peptide irrespective of its surroundings. An aqueous environment in the absence of lipids did not have a significant impact on the copolymer-peptide interaction, nor did it promote peptide unfolding to give much higher random coil content.
In the presence of DPC SUVs, the spectra consisted of a broad minimum at $207 nm, a less prominent minimum at $222 nm, and a maximum at $195 nm, which are characteristic of a-helical structure. This indicated that the peptide conformation changed in response to the presence of lipid membranes. In the presence of 1:1 DMPC:DMPG (mol/mol) SUVs, spectra with similar qualitative characteristics were obtained. The structural content of quartz surface-tethered IDR-1010cys was also inspected in different environments. Figure 5B shows % a helix, % b sheet/strand, and % random coil as a function of the different lipid compositions. In the presence of DPC SUVs, the percentage of a helix increased with increasing lipid concentration. This corresponded to a decrease in random coil structure (Figure 5Ba) . A sharp increase in the amount of a-helical content was observed at 25 mM DPC compared to that of PBS buffer and a gradual increase thereafter (50 and 75 mM). The percentage of structural content of quartz-brush1010cys in the presence of DMPC:DMPG (1:1) at different lipid compositions (0.25-0.75 mM) is shown in Figure 5Bb ; a gradual increase in a-helical content was seen with increasing lipid concentration. The % b sheet/strand increased initially in the presence of DMPC/DMPG but at higher concentrations of lipid it decreased. The lipid concentrations were 100-fold lower in these cases in comparison to DPC.
Similar results were obtained for quartz-brush-1010cys made with different DMA:APMA ratios. The dependence of % a helix on brush composition in different lipid membranes is shown in Figure 5Bc . There was a slight increase in the structural content of the peptides obtained as the amount of DMA in the brush was increased. These results demonstrated that even though the peptide was tethered to the polymer brush on the surface, the lipid membrane was still able to interact strongly with the peptides. Interestingly, the peptides appeared to adopt a better-defined structure when the polymer was attached to the quartz slide than when the polymer was in the soluble form for the current copolymer system. These results are well correlated with the strong antimicrobial activity of surface-tethered IDR1010cys against P. aeruginosa ( Figure S5 ) indicative of its membrane interaction. The control experiments with unmodified quartz slides and quartz slides carrying copolymer brush without peptides displayed no activity. Greater than 85% bacterial killing was observed within 4 hr, demonstrating the potent bactericidal activity of surface-immobilized IDR-1010cys.
DISCUSSION
It has been suggested that immunomodulatory and antimicrobial peptides adopt well-defined structures that directly relate to their immunomodulatory and antimicrobial functions (Wieczorek et al., 2010) . These conformational changes are often observed by examining the structure of free peptides in the presence of SUVs in solution. Recent reports have shown that surface-tethered antimicrobial peptides exhibit excellent broad-spectrum antimicrobial activity and are potential candidates for the development of infection-resistant implant coatings (Bagheri et al., 2009; Onaizi and Leong, 2011; Hilpert et al., 2005 Hilpert et al., , 2009 Gao et al., 2011a) . Although these novel antimicrobial surfaces have intriguing activities, there is no clear understanding of how the mechanism of action of surfaceimmobilized peptides relates to the modes of action traditionally proposed for free peptides (Bagheri et al., 2009; Onaizi and Leong, 2011) . To address this, we investigated the interactions of an immunomodulatory/antimicrobial peptide, IDR-1010, with two model lipid membranes (bacterial [DMPC/DMPG] and mammalian [DPC]) using CD spectroscopy. The conformational properties of the peptide IDR-1010cys under three entirely different experimental conditions ( Figure 1A) were measured: peptide in the free form, peptide conjugated to a soluble polymer (both in solution), and surface-immobilized peptide (attached to a quartz support via a polymer brush), and the results were compared. Some interesting observations were noted in the case of surface-tethered peptides. The polymer brush acts as a flexible linker between the peptide and the surface. Although significantly larger amounts of peptide per unit area can be conjugated to a surface via polymer brush compared to the direct grafting of peptides (Gao et al., 2011a (Gao et al., , 2011b Barbey et al., 2009; Ayres, 2010) , the polymer brush structure could potentially exert steric restrictions. This may hinder the interaction of the peptides with biomembranes. The data presented here suggest that in the presence of lipid SUVs, there was no quantitative change in the helical content of the surface-tethered peptides, unlike the case of free peptides; the presence of unstructured peptides was evident. One plausible reason might be the fact that the peptides that were buried deep into the brush layer were not sterically capable of interacting with the lipid SUVs.
Interestingly, the surface-tethered peptides adopted more helical structure in comparison to soluble polymer-conjugated peptides (quartz-brush-1010cys versus polymerC-1010cys; Figures 4 and 5B). Because there were more (ca. 300) peptides attached per chain of polymerC-1010cys compared to quartzbrush-1010cys (ca. 50-100 peptides/chain), peptide-peptide interactions could not account for the higher a-helical content observed in the case of surface-tethered peptides. The fact that the peptides were less structured in the case of polymerC-1010cys than in the case of surface-tethered peptides suggests that the peptides might be less exposed to the SUVs. This finding is surprising if one considers that the SUVs may be restricted from diffusing into the peptide/polymer brushes packed together on a surface. Our soluble polymer data suggest that the peptides can self-assemble due to the conformational freedom of linear chains, as reported in the case of other systems (ten Cate and Bö rner, 2007; Paira et al., 2010; Verch et al., 2010) . This self-assembly would restrict the interactions of the peptides with lipid SUVs. Our data also show that the current soluble copolymer structure, Structural content of IDR-1010cys and polymerC1010cys, as a function of (A) IDR-1010cys-to-DPC ratios of 1:15, 1:50, and 1:100; (B) IDR-1010cys-to-DMPC/ DMPG ratios of 1:15, 1:50, and 1:100; (C) polymerC1010cys-to-DPC ratios of 1:15, 1:50, and 1:100; and (D) polymerC-1010cys-to-DMPC/DMPG ratios of 1:15, 1:50, and 1:100. The structural content was determined using the CD-fitting programs CDSSTR, SELCON3, and CONTINLL, applied to the data shown in Figure 3. at least in the present form and with the current peptide, may not be an ideal scaffold for enhanced membrane interaction.
Although polymerC-1010cys and quartzbrush-1010cys have similar compositions, the attached peptides behaved differently in terms of their interaction with lipid SUVs in these cases: the surface-tethered peptide interacted more favorably with lipid SUVs. The observed differences can be attributed to the following facts. It is possible that the distribution of peptides attached to the polymer chains within the surface-grafted brush is playing a role in the observed differences. In the case of the polymer brush system, there may be a higher density of peptides near the outer surface of the brushes. This is attributable to the restricted diffusion of large molecules within the brush layer (Steels et al., 2000) . This higher local concentration of peptides may translate into a higher relative number of peptides being exposed to the lipids, thereby resulting in higher helical content. It is important to note that because there are no data currently available on the distribution of peptides within polymer brush layers, it is difficult to exactly predict the influence of this parameter on structure and membrane interaction.
From our results, it is clear that the peptides in quartz-brush1010cys can adopt different secondary structures under different conditions ( Figure 5 ). Unlike the cases of peptide in the free form or conjugated to a soluble polymer (Figures 3  and 4) , the surface-tethered IDR-1010cys has more structured components in water and PBS solution ( Figures 3A, 3D , and 5Aa). Even in the dry state, the polymer brush-tethered peptide has more structured components that did not change significantly with hydration. The presence of structured peptide components in the case of quartz-brush-1010cys might be due to the interaction of the peptide with the hydrophobic components of the grafted polymer chains. Even though the copolymer is highly soluble in water, it is composed of a hydrophobic backbone consisting of repeating (-CH 2 -CH 2 -) groups and a hydrophobic propyl group as side chain (from APMA). In other words, the hydrophobic nature of the polymer may favor interactions that are similar to those found between the peptide and lipid membrane. It is interesting to note that the higher structural content was found for the peptides tethered to polymers that contained higher amounts of DMA as compared to APMA (Figure 5Bc) . The higher APMA content allows the peptide to graft more closely. Thus, the brush composition has imposed an important effect on the polymer-peptide, peptide-peptide, and peptide-lipid SUV interactions.
The peptide conformation in the brush layer was also found to be dependent on lipid concentration. As the DPC concentration increased, so did the a-helical content. A similar trend was observed for the peptide exposed to 1:1 DMPC:DMPG (mol/mol) SUVs. In order to understand the significance of these observations and relate them back to what happens for the free peptide, it is important to compare the relative concentrations of peptide and lipid used under different conditions. With the surface area of the slide covered in brushes being 685 mm 2 and the number of peptides/area for the 1:1 DMA:APMA sample being 7.5 peptides/nm 2 , there was a total of $5,150 peptides or 8.6 3 10 À21 mol of peptide in quartzbrush-1010cys. The lipid concentrations range from 0.25 to 75 mM. In the case of free peptide, the amount of peptide was 1 3 10 À7 mol, with the lipid concentration ranging between 3 and 20 mM. In other words, the total concentration of the peptide was minute in the tethered samples. Comparing the helical content observed for the free peptide ($99%-60%) to the helical content observed for quartz-brush-1010cys (1:1 DMA: APMA) ($60%) in the presence of lipid suggested that proportionately more peptides were structured in the tethered case than when the peptide was in free form. As discussed above, the distribution of peptides found in the tethered samples might result in higher local concentrations of peptides (Table 1) , which in turn could translate into a higher relative number of peptides being exposed to the lipids, thereby resulting in higher helical content per mole of peptide. Based on the results, we propose a model for the possible mechanism of action of polymer brush-immobilized peptide IDR-1010cys ( Figure 6 ): (1) the peptide tethered to the polymer brush adopts some structure due to interactions with the polymer chains; (2) when exposed to lipids, more of the peptides adopt structure; and (3) as the local concentration of peptide tethered to the brush is high, the amount of membrane insertion or disruption of membrane electrostatics is high and consequently the damage to the membrane permeability barrier is large. This is in contrast to the free peptide, where membrane interaction and perturbation are diffusion limited. It is important to note that the proposed mechanism shown in Figure 6 assumes that IDR-1010cys functions by perturbing bacterial membranes. If the mode of action involves targets other than the membrane, then perhaps the high local concentration is a key factor in the differences observed.
SIGNIFICANCE
Detailed understanding of the mechanism of action of surface-tethered antimicrobial and immunomodulatory peptides is very important in the design of highly efficient antimicrobial and antibiofilm coatings. The data presented here suggest that tethered peptides interact with lipid SUVs differently from free peptide or peptide tethered to a soluble polymer, perhaps due to the high local concentration. It has been postulated that the disturbance of surface electrostatics at the bacterial surface upon interaction with tethered peptides may trigger an autolytic and/or cell death mechanism (Jelokhani-Niaraki et al., 2002; Resende et al., 2009 ). Our results with quartz-brush-1010cys also point to such a mechanism of action. The high local charge density associated with the peptide tethering at the surface, the flexibility of the polymer brush linker, and conformational restrictions of polymer chains within the brush (unlike the case of soluble copolymer chains) all contribute to the enhanced interaction of the peptide with the model lipid membranes. Although the soluble copolymer and the polymer brush structure have similar compositions, the polymer brush-conjugated peptide was much more structured and would therefore be expected to be a more effective bactericidal agent than peptide attached to soluble supports. Interestingly, the interactions of the surface-tethered and soluble polymer-conjugated IDR-1010cys with lipid SUVs are well correlated with their antimicrobial and immunomodulatory activities. PolymerC-1010cys showed less biological activity as well as membrane interaction compared to surface-tethered IDR-1010cys. Thus, the optimization of surface density of peptides and linker chemistry is critical to the development of highly effective antimicrobial coatings.
EXPERIMENTAL PROCEDURES
Details of materials and methods are given in Supplemental Experimental Procedures.
Synthesis of Copolymer Brushes Initiator Modification
Quartz slides (38.1 3 9.0 3 1.0 mm), cut from quartz microscopy slides (38.1 3 25.4 3 1.0 mm; Alfa Aesar), were treated with piranha solution at 70 C for 4 hr.
The slides were washed with distilled water and dried in a stream of argon. The primary amine-modified quartz slides were obtained by refluxing in a 1 wt% 3-aminopropyltrimethoxysilane in toluene solution. After 2 hr, the slides were ultrasonicated consecutively with toluene, acetone, dichloromethane, and dried in a stream of argon. Amine-modified quartz surface was treated with 2-chloropropionyl chloride (2.50 g, 19.68 mmol) and triethylamine (2.17 g, 21.40 mmol) in dichloromethane (30 ml) at 0 C over a period of 2 hr. The reaction was continued at 0 C for 4 hr and left overnight at room temperature. The modified surfaces were cleaned by ultrasonication in dichloromethane, acetone, methanol, and water consecutively, and preserved in argon after drying in vacuum. Surface-Initiated Atom Transfer Radical Polymerization of DMA and APMA All the polymerization experiments were conducted in a glove box filled with argon. For a typical experiment, DMA (0.5 g, 5 mmol) and APMA (0.9 g, 5 mmol) were dissolved in degassed purified water (4.5 ml). This solution was introduced into a mixture of CuCl 2 (0.5 mg, 3.7 3 10 À3 mmol), CuCl (3.7 mg, 3.7 3 10 À2 mmol), and HMTETA (1,1,4,7,10,10-hexamethyltriethylenetetramine; 22 ml, 8.1 3 10 À2 mmol), and then stirred until homogeneous. A quartz slide modified with atom transfer radical polymerization (ATRP) initiator was introduced to the polymerization mixture along with the addition of methyl-2-chloropropionate (4.3 ml [in 10% ethanol solution], 3.7 3 10 À3 mmol) and the polymerization was continued at 22 C for 24 hr. The polymerization was stopped by exposing it to air and followed by dilution with water. The resulting copolymer-grafted quartz slide was ultrasonicated in water twice (15 min each) and dried in vacuum. The solution polymer formed along with the surfacegrafted polymer was dialyzed against water for 2 days (MWCO 1,000 membranes) and the polymer was obtained by lyophilization. The initial comonomer ratio (DMA:APMA) was varied from 5:1 to 3:1 to 1:1 to obtain copolymer brushes with different amine content. Dry thickness of the polymer film on the quartz surface was measured by atomic force microscopy scratch analysis. The graft densities were calculated using the following equation (Wu et al., 2003; Zou et al., 2009) :
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Peptide Conjugation to Polymer Brush
Figure 6. Proposed Mechanism of Action
Free peptide (A) and polymer brush-immobilized host defense peptide (B) are shown. Note that only half the quartz slide is illustrated for purposes of clarity. In (B), more peptides adopt a structure before they interact with the membrane, and therefore there are perhaps more structured peptides localized in one area when they bind/insert into the membrane. As a result, perturbation of the membrane may be more efficient.
peptide IDR-1010cys (IRWRIRVWVRRIC) (10 ml of a 1 mg/ml solution) in 0.1 M sodium phosphate buffer overnight followed by an excess of 2-mercaptoethanol (0.1 g/ml) for another day. The peptide-immobilized quartz slide was cleaned ultrasonically with water twice (15 min each) and the samples were dried in argon flow. The dried samples were stored under argon and characterized by UV-vis and AFM analysis. UV-vis spectra (Varian Cary 4000 spectrophotometer) of IDR-1010cys-immobilized quartz slides were collected after inserting the peptide-conjugated quartz slide (38.1 3 9.0 3 1.0 mm) into a 1 cm quartz cell. The number of peptides/chain was calculated from the polymer film thickness increase after IDR-1010cys conjugation, amount of polymer grafted, molecular weight, and graft density (see Supplemental Information for details). Synthesis of Peptide IDR-1010cys-Conjugated Soluble Copolymer; PolymerC-1010cys Poly(DMA-co-APMA) (0.2 g) (DMA:APMA molar ratio 1:1, M n 1.66 3 10 5 ,
M w :M n 1.18; sample Q-1-1 in Table 1 ), formed along with surface-grafted copolymer chains, was dissolved in water (5 ml) and added to Et 3 N (0.5 ml).
After stirring for 2 hr at room temperature, the polymer was precipitated in acetone and dried in vacuum. The purified polymer (0.12 g) was dissolved in acetonitrile (5 ml) and added to 3-maleimidopropionic acid N-hydroxysuccinimide in acetonitrile solution (1 M solution, 5 ml) and stirred for 1 hr at 22 C. The maleimide-conjugated copolymer (0.08 g) was purified by precipitating in EtOAc two times and dried in vacuum. The modified polymer was characterized by NMR. The maleimide-conjugated polymer (8 mg) was dissolved in 1 ml sodium phosphate buffer and added to a cysteine-containing peptide IDR-1010cys solution (2 ml of an 8 mg/ml solution) in sodium phosphate buffer and stirred overnight at room temperature. The IDR-1010cys-conjugated polymer (10.25 mg) was recovered by lyophilization after dialysis against water for 4 days. The conjugate was characterized by NMR and UV-vis analyses ( Figure S3 ). Antimicrobial Activity of Peptide IDR-1010 and Copolymer Conjugate Antimicrobial activity was measured as described previously (Wieczorek et al., 2010) , assessing both MIC and rate of killing in Mueller Hinton medium. Immunomodulatory Activity of Peptide IDR-1010 Venous blood from healthy volunteers was collected in Vacutainer collection tubes containing sodium heparin as an anticoagulant (BD Biosciences) in accordance with University of British Columbia ethical approval and guidelines. Isolation of PBMCs and cell stimulations were performed as described previously (Nijnik et al., 2010) . Following 24 hr of exposure to the peptide samples, the tissue culture supernatants were centrifuged at 16,000 3 g (13,000 rpm) at 4 C for 5 min in an IEC MicroMax centrifuge to obtain cellfree samples. Supernatants were aliquoted and then stored at -20 C before assay for monocyte chemoattractant protein 1. MCP-1 secretion in the tissue culture supernatants was detected by sandwich ELISA kits (eBioscience). All assays were performed in triplicate. The concentration of chemokines in the culture medium was quantified by establishing a standard curve with serial dilutions of the recombinant human MCP-1. Secretion of TNF-a was monitored in rested PBMCs, and cells were exposed to peptide and/or LPS by capture ELISA after 24 hr (eBioscience).
All mouse experiments were conducted in accordance with the Animal Care Ethics Approval and Guidelines of the University of British Columbia. C57BL/6J mice (The Jackson Laboratory) were maintained under specific pathogen-free conditions. Animal models of progressive S. aureus infection were performed as described previously (Nijnik et al., 2010) . Circular Dichroism Spectroscopy Analysis CD spectroscopy analysis of surface-immobilized IDR-1010cys was performed using a Jasco J-800 spectropolarimeter and 1 cm path length quartz cell for quartz surface samples and 0.2 cm path length quartz cell for solution samples. The data were acquired after inserting the peptide-conjugated quartz slide (38.1 3 9.0 3 1.0 mm) into a 1 cm quartz cell (see Figure S4) . A copolymer brush-conjugated quartz slide was used as a control sample.
For solution CD experiments, solutions were prepared at a constant peptide concentration of 0.2 mM (peptide alone or poly(DMA-co-APMA) copolymer conjugated) at different P:L molar ratios, using lipid mixtures of DMPC:DMPG (1:1 molar ratio) or DPC. Appropriate amounts of lipids in chloroform were dried using a stream of nitrogen gas to remove most of the chloroform and vacuum dried overnight in a 5 ml round bottom flask. After adding 450 ml of PBS and 0.1 mmol of peptide in PBS (50 ml) to the dried lipids, the mixture was sonicated in a water bath for a minimum of 30 min (until the solution was no longer turbid) to ensure lipid vesicle formation. For all samples, corresponding background samples without peptides were prepared for spectral subtraction.
CD analysis of surface-immobilized peptide samples was performed in a similar fashion. Dry lipids were dissolved in chloroform and dried overnight in a 5 ml round bottom flask. PBS solutions of the lipids (DPC or DMPC:DMPG [1:1 molar ratio] mixture) were prepared at different concentrations and sonicated in a water bath for approximately 30 min (until the solution was no longer turbid). Then the lipid solution was pipetted into the quartz cell. Corresponding background samples were run initially without placing the sample quartz slide in the quartz cell.
Solution and surface CD experiments were carried out at 30 C. The temperature of the sample compartment was kept constant by means of a water bath. The spectra were obtained over a wavelength range of 190-250 nm, using continuous scanning mode with a response of 1 s with 0.5 nm steps, a bandwidth of 1.5 nm, and a scan speed of 50 nm/min. The signal:noise ratio was increased by acquiring each spectrum over an average of three scans. Finally, each spectrum was corrected by subtracting the background from the sample spectrum.
To examine the extent of secondary structure content of IDR-1010cys and surface-tethered IDR-1010cys in different environments, all spectra were fitted using three different programs (CDSSTR, CONTINLL, and SELCON3), as described elsewhere (Cheng et al., , 2011 .
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